SUMMARY Magnetic resonance velocity mapping is a new technique which provides a display of velocity within the cardiovascular system at any point of the cardiac cycle. A short field echo sequence with even echo rephasing is used to obtain a signal from rapidly moving blood and a cine display is provided by rapid repetition of the sequence. The amplitude image shows the anatomy, with blood giving a high signal and areas of turbulent flow no signal. The phase image is a map of velocities at each point in the image plane. Thirteen cases are described in which the technique either provided a diagnosis or helped in functional assessment. Flow through atrial and ventricular septal defects was seen, although turbulent flow distal to the ventricular shunts led to some loss of quantitative information. In three patients with valve disease jets of abnormal flow were seen because of signal loss and it is suggested that the size of the area of turbulence may be used to quantify the severity of regurgitation. Velocities were measured in four coronary artery bypass grafts in two patients, and low velocity was seen in a graft with distal disease that supplied the infarcted territory. Velocity was reduced distal to an aortic coarctation and it was increased at the site of narrowing caused by thrombosis in a deep vein. The speed and direction of flow in the central vessels in a patient with complex congenital heart disease helped to establish the anatomy.
The technique provides useful information in a wide range of disorders of the cardiovascular system, and in some cases may avoid the need for invasive investigation.
Magnetic resonance imaging of the heart provides excellent anatomical detail because conventional sequences show a high contrast between flowing blood and other structures.`3 A wide variety of abnormalities can be studied including congenital disease,4-6 myocardial disease,7 9 and disease of the pericardium'0°and great vessels. 12 cardiography showed a left to right shunt with a pulmonary to systemic flow ratio of 2-3 and a left ventricular ejection fraction of 0-61. Magnetic resonance imaging showed an ostium secundum atrial septal defect and a dilated right heart (fig la) and from stroke volume measurements the pulmonary to systemic flow ratio was calculated to be 2-1. Figure  lb shows a mid-systolic phase map with velocity encoded from posterior to anterior. Flow velocities are seen on both sides of the defect passing from left atrium to right atrium, and the maximum velocity was 427 mm/s in early systole.
Patient 2 also had an atrial septum defect; this had been closed with a Dacron patch. Figure 2 shows the defect in transverse section and because Dacron gives no magnetic resonance signal the patch is invisible. The velocity map, however, shows no flow between the atria, so the patch can be assumed to be intact.
In contrast, patient 3 .0*1 In another patient, one graft was to the right coronary artery which was a small vessel with distal disease supplying previously infarcted territory, and the other graft was to a large anterior descending coronary artery. Both grafts had a signal void in the conventional spin echo images implying that they were patent (fig 8) , but peak velocity was 316 mm/s in the left anterior descending graft and only 20 mm/s in the right graft.
CONGENITAL HEART DISEASE A 15 year old girl had left isomerism with a common atrium, a ductus arteriosus, and pulmonary hypertension. She was reinvestigated because she had a pulmonary embolus shortly after appendicectomy and although ultrasound showed absence of the inferior vena cava, alternative venous drainage was not identified. Magnetic resonance imaging confirmed the cardiac anatomy and showed that the hepatic veins drained directly into the right atrium. A large left sided azygos vein was identified draining to a left sided superior vena cava and thence to a dilated coronary sinus. In the conventional images it was difficult to distinguish between the azygos vein and the descending aorta, but velocity mapping showed rapid caudal flow in the aorta (peak velocity 640 mm/s) and slower cranial flow in the vein (peak velocity 150 mm/s).
Discussion
Magnetic resonance was first used to measure We have described the findings in five patients with septal defects. Conventional magnetic resonance imaging is sensitive in the detection of both atrial and ventricular defects32 33 and although the left and right ventricular stroke volumes provide a measure of interatrial shunting, they are not helpful for the quantification of ventricular shunts, complex defects, or those associated with valvar regurgitation. Another limitation of conventional imaging is that the atrial septum is very thin in the region of the foramen secundum so that an apparent defect may be misleading and specificity is poor.34 Oblique images and cine acquisition are helpful35 36 but the detection of flow across a defect must be highly specific and velocity mapping is a useful addition to conventional imaging.
In some cases velocity measurements are complicated by the loss of the magnetic resonance signal. Absent signal from moving blood is beneficial in conventional imaging, but in velocity mapping it is important to avoid signal loss since velocity is encoded in the phase of the signal. The field echo sequence with even echo rephasing achieves this despite rapid movement of blood, but signal can be lost in the presence of turbulence and the ability to measure velocity is then lost. Despite this, the size of the area of signal loss may be helpful in assessing shunts and regurgitation,37 although other factors such as the size and nature of the orifice and the pressure difference across it will also affect the degree of turbulence.
The loss of signal has several causes and there is not necessarily an exact correspondence between signal loss and turbulence. The main reason for this is the presence of different values of higher order terms of motion (such as acceleration) within a single pixel. This always occurs in turbulent flow and although it does not usually occur in the normal heart, it sometimes leads to signal loss during early diastolic filling through the mitral valve and around the periphery of the aortic root during systole.
The detection of turbulence is used in Doppler echocardiography where the severity of valvar regurgitation is assessed from the depth of penetration of the regurgitant jet into the upstream chamber.38 Doppler ultrasound can also produce velocity maps39 and it has some advantages over magnetic resonance: real time imaging is possible and turbulent flow does not lead to loss of information (although it may complicate interpretation). Important disadvantages are that it is less accurate,40 high and low velocities are difficult to measure,41 and access to the heart is limited, particularly for large posterior vessels.
VASCULAR APPLICATIONS
The cases of coarctation and venous thrombosis illustrate the potential applications of velocity mapping in the assessment of vascular disease. A velocity profile through a stenosis provides a measure of its functional importance and the pressure gradient across the stenosis can be estimated.4243 Conventional magnetic resonance imaging has already been used to assess peripheral vascular disease44 45 but velocity and acceleration mapping will provide important additional information since it is the effect of disease upon perfusion that determines prognosis. Coronary artery bypass grafts have also been studied before but without velocity measurements,46 and a comparison between velocity mapping and other measurements of graft function is now required. A combination of magnetic resonance angiography47 with velocity and acceleration mapping offers the prospect of a completely non-invasive assessment of vascular disease.
We have validated velocity and flow measurements in phantom experiments, in the femoral artery, and in the ascending aorta24 but velocity is only measured in a single direction in each velocity map and it is important to know the angle between the vessel and the plane in which it is imaged, or alternatively to make measurements in three orthogonal directions. For small vessels there are additional sources of inaccuracy such as the partial volume effect, and small vessels are best studied perpendicular to the plane of the image. Resolution may not yet be adequate for accurate flow calculations in coronary bypass grafts or coronary arteries but these preliminary results are encouraging.
Conclusion
Magnetic resonance velocity mapping is a new technique that provides a display of velocity within the cardiac chambers and major vessels at any point of the cardiac cycle. It is expected to be applicable in a wide variety of disorders of the cardiovascular system, and it may avoid invasive investigation in some cases. It is likely to be valuable in the assessment of intracardiac shunting, valve regurgitation and stenosis, and in the measurement of flow in congenital heart disease. Most exciting is its potential for the detection and assessment of vascular disease, including disease of the coronary arteries.
